Abstract. The mechanism of cytochrome induction in human cells was investigated. Cultured fibroblasts grown in low oxygen had markedly reduced contents of cytochromes A + A3, B, and C + C1 as measured by absorption spectra. Chloramphenicol but not cycloheximide or actinomycin blocked the initial increase in cytochrome oxidase activity in cells shifted from low to ambient oxygen, suggesting that initiation of enzyme induction requires mitochondrial but not cytoplasmic protein synthesis or transcription of nuclear genes. Turnover of cytochrome oxidase was demonstrated in cells in stationary phase.
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Introduction. Levels of mitochondrial cytochromes are regulated by oxygen and glucose in lower eukaryotes.1' 2 In higher animals, cytochrome regulation has not been extensively studied. Comparative studies of mitochondrial regulation are of interest in view of the evidence suggestive of the evolutionary origin of mitochondria from bacteria.'-In addition, modulations in respiratory enzyme synthesis, dependent on environmental variables such as oxygen, might have an important bearing on the pathophysiology of hypoxic states in man.
Recently, we reported that cultured human cells grown in ambient oxygen had cytochrome oxidase specific activities three to seven times higher than cells grown in low oxygen,7 Human cells, unlike yeast cells, were found to be virtually insensitive to repression of cytochrome synthesis by high concentrations of glucose in the growth medium. The oxygen-dependent variation in cytochrome oxidase specific activity was found in both diploid fibroblasts and HeLa cells; it has also been reported in strain L cells.8 Indirect evidence in our previous studies suggested that the increased cytochrome oxidase activity of cells grown in ambient oxygen was associated with an increased cellular content of the enzyme. This report presents direct evidence for increased cytochrome content in induced cells, along with studies on the mechanism of cytochrome regulation.
Materials and Methods. Cells, culture methods, and media: A single human fibroblast strain was used for these studies. Culture methods were as previously described.9 The culture medium was medium 199 supplemented with 20% fetal bovine serum, except as noted in the enzyme turnover experiment. Cultures were grown as monolayers in prescription bottles and cylindrical roller vessels.
Gas environment for growth of cells: "Ambient-oxygen" cultures were flushed with 97% air-3% CO2 following subculture, feeding, and other manipulations. "Lowoxygen" cultures: The supernatant gas was alternately evacuated to 0.26 atm and filled with 97% air -3% CO2 (residual 02 = 6 ppm) until an overflow valve set at slightly over Incorporation of 3H-leucine into protein and 3H-uridine into RNA: The medium from cultures in the late logarithmic phase of growth was decanted and replaced with 3.2 ml of fresh growth medium, including antibiotics where indicated. One-half or 24 hr later, 3.5 /ACi of 'H-leucine (6 Ci/mmole) in 0.2 ml was added. After a 1-hr incubation, the medium was discarded and the cell monolayer was washed twice in cold 0.5 mM ethylenediaminetetraacetate (EDTA), trypsinized, and washed in balanced salt solution. To the cell pellet was added 1 ml of distilled water. This suspension was rapidly frozen and thawed. After removal of 0.1 ml for protein determination, 0.9 ml of hold 10% trichloroacetic acid was added. The resulting precipitate was handled by the filter paper method of Bollum,14 and counted in PPO-toluene in a Beckman LS-100 liquid scintillation counter. For measurement of 'H-uridine incorporation into RNA, the procedure was similar except that 2 uCi of 'H-uridine (4 Ci/mmole) was used in place of 'H-leucine.
Results. Cytochrome contents of induced and noninduced cells: In order to determine whether the difference in cytochrome oxidase activity of cells grown in ambient and low oxygen7 reflects a difference in enzyme content, absorption difference spectra of cells grown for five days under the two conditions were obtained. Representative spectra are shown in Figure 1 . The spectrum of cells grown in ambient oxygen ( Fig. la) shows well-defined absorption maxima at approximately 605, 560, and 552 mp corresponding to the a-bands of cytochromes A + A3, B, and C + C1, respectively, and a shoulder at 445 m/A corresponding to the y-band of A + A3. In contrast, the spectrum of cells grown in low oxygen ( Fig. lb) has no clearly discernible a-bands for cytochromes A + A3, B or C + C1, and has a greatly reduced -y-band for cytochromes A + A3.
Cytochrome contents of cells grown in ambient and low oxygen were calculated from spectra in four experiments under each growth condition. Cells grown in ambient oxygen had contents of individual cytochromes of 0.03 to 0.04 mmmoles/mg protein, as measured from the a-and y-bands ( (rmn ) oxygen. It was not always possible to obtain steady baselines and spectra at the high scale expansion necessary to detect cytochrome absorption bands in these cells. However, the noise in the spectra does not obscure the large, consistent differences in cytochromes of cells grown under the two conditions. Effects of cycloheximide and actinomycin D on enzyme induction were compared to that of chloramphenicol. The concentrations of cycloheximide and actinomycin D used in these experiments were those which substantially inhibited whole cell protein and RNA synthesis, respectively. Cycloheximide at a concentration of 0.5 jig/ml inhibited whole-cell incorporation of 3H-leucine into acid-insoluble material by approximately 80 per cent under inducing conditions (Table 2, Expt. 1). Actinomycin D at 0.5 ug/ml inhibited 3H-uridine incorporation into acid-insoluble material by approximately 90 per cent (Table 3) .
Chloramphenicol, at a concentration of 200 gg/ml, inhibited cytochrome oxidase induction almost completely, as noted in the previous experiment. With both cycloheximide and actinomycin D, however, enzyme-specific activity increased normally for the first 48 hours, and only after that time was there appreciable inhibition of cytochrome oxidase induction. To rule out the possibility that the different effects of the inhibitors during induction might be on protein content 599 1,761 9 0.5 ,ug/ml Cells were grown for 4 days in 0.3% oxygen, then fed fresh medium and antibiotics as indicated, gassed with ambient oxygen, and incubated for 30 min. 3H-uridine was added and incubation was continued for an additional 60 min. Radioactivity in cold trichloroacetic acid precipitates of the cells was measured.
rather than on enzyme content, the data have also been plotted in terms of total activity per culture (Fig. 3b) . As with specific activity, the increase in total activity was blocked from the start by chloramphenicol, but only after 24 and 48 hours, respectively, by actinomycin D and cycloheximide.
Cytochrome oxidase turnover: To determine whether turnover of cytochrome oxidase occurs in human fibroblasts, steady-state induced cells in the stationary phase of growth were exposed to inhibitors of cytochrome oxidase synthesis, and enzyme specific activity was followed as a function of time. An exponential decline in cytochrome oxidase specific activity occurred in cells incubated either in low oxygen or in chloramphenicol (Fig. 4) . In previous studies, cytochrome oxidase activity was found not to be affected by in vitro exposure to anaerobic conditions prior to assay,7 nor is cytochrome oxidase activity of fibroblast lysates affected by the presence of chloramphenicol in the assay mixture at a concen- tration as high as 6 mg/ml (unpublished observation). Thus, the decline in cytochrome oxidase activity in cells incubated in low oxygen or in chloramphenicol can be ascribed to cessation of enzyme synthesis and the normal turnover of preexisting enzyme. For cells incubated in low oxygen, enzyme half life was 54 hours; for cells in chloramphenicol, half life was 38 hours. The longer half life for cells in low oxygen is presumed to reflect a low level of enzyme synthesis at the residual oxygen concentration present in these experiments. Discussion. A principal finding of these studies is that induction of cytochrome oxidase activity by oxygen in human cells has as its basis an increase in the cellular content of cytochromes. The difference spectra indicate that not only are cytochromes A + A3 (cytochrome oxidase) increased in induced cells, but cytochromes B and C + C1 are increased as well. The difference in cytochrome contents between cells grown in ambient and low oxygen determined by absorption spectra (three-to sixfold) is comparable to that previously found in cytochrome oxidase activities under the two conditions.
The effects of inhibitors of protein and RNA synthesis on the kinetics of induction provide insights into the mechanism of induction. Actinomycin D, at a concentration which reduced whole cell RNA synthesis by 90 per cent, did not block the initiation of induction. Thus it appears unlikely that oxygen regulates cytochrome synthesis by a transcriptional mechanism on nuclear genes.
However, because actinomycin is not readily taken up by intact mitochondria,"5 the possibility of transcriptional regulation on mitochondrial genes is not excluded. Of the inhibitors of protein synthesis, chloramphenicol totally blocked the initiation of induction at a concentration which did not cause a detectable reduction in amino acid incorporation into whole cell protein. In contrast, cycloheximide, at a concentration which reduced whole cell amino acid incorporation into protein by 80 per cent, failed to block the initiation of induction. Failure of cycloheximide and actinomycin to block the initial phase of induction cannot be ascribed to delayed uptake, since marked inhibition of amino acid and RNA incorporation was evident 30 minutes after exposure to the drugs (Tables  2 and 3 ); mitochondria have also been shown to take up cycloheximide rapidly."6
Interpretation of the effects of the inhibitors of protein synthesis on induction rests on studies indicating different effects of the two drugs on protein synthesis by the mitochondrial and cytoplasmic protein-synthesizing systems. Chloramphenicol blocks amino acid incorporation by the mitochondrial amino acidincorporating system, but not by the cytoplasmic system."7 18 Conversely, cycloheximide inhibits the cytoplasmic system but not that of mitochondria.""-21
That the initiation of cytochrome oxidase induction was chloramphenicol sensitive but cycloheximide insensitive thus suggests that initiation requires mitochondrial protein synthesis but not cytoplasmic synthesis. Maintenance of the induced state appears to require cytoplasmic protein synthesis as evidenced by the delayed effects of cycloheximide and actinomycin on induction.
The identity of the protein(s), the synthesis of which is required for induction to be initiated and which is inhibited by chloramphenicol, is not known. Possibilities include enzymes in the synthetic pathway of the heme prosthetic groups, the cytochrome apoenzymes themselves, or mitochondrial membranous proteins
